Inositol 1, 4, 5-trisphosphate receptor-mediated (IP 3 R-mediated) calcium (Ca 2+ ) release has been proposed to play an important role in regulating vascular smooth muscle cell (VSMC) contraction for decades. However, whether and how IP 3 R regulates blood pressure in vivo remains unclear. To address these questions, we have generated a smooth musclespecific IP 3 R triple-knockout (smTKO) mouse model using a tamoxifen-inducible system. In this study, the role of IP 3 R-mediated Ca 2+ release in adult VSMCs on aortic vascular contractility and blood pressure was assessed following tamoxifen induction. We demonstrated that deletion of IP 3 Rs significantly reduced aortic contractile responses to vasoconstrictors, including phenylephrine, U46619, serotonin, and endothelin 1. Deletion of IP 3 Rs also dramatically reduced the phosphorylation of MLC20 and MYPT1 induced by U46619. Furthermore, although the basal blood pressure of smTKO mice remained similar to that of wild-type controls, the increase in systolic blood pressure upon chronic infusion of angiotensin II was significantly attenuated in smTKO mice. Taken together, our results demonstrate an important role for IP 3 R-mediated Ca 2+ release in VSMCs in regulating vascular contractility and hypertension.
Introduction
Numerous studies have validated the essential role of calcium (Ca 2+ ) signaling in regulating blood pressure. For example, the blocking of voltage-operated Ca 2+ channels (VOCCs) located in the plasma membrane, which mediate Ca 2+ influx and increase intracellular Ca 2+ levels, significantly reduces high blood pressure in hypertensive patients (1) (2) (3) . However, the role of intracellular Ca 2+ release channels, such as ryanodine receptors and inositol 1, 4, 5-trisphosphate receptors (IP 3 Rs), localized in the membrane of endoplasmic reticulum (ER) , has yet to be fully elucidated in blood pressure homeostasis.
The IP 3 R has 3 different subtypes (IP 3 R1, IP 3 R2, and IP 3 R3) in mammals, which are encoded by 3 genes, Itpr1, Itpr2, and Itpr3, respectively. IP 3 R subtypes are expressed in diverse tissues to varying degrees (4) , yet all are expressed in vascular smooth muscle cells (VCMCs) (5) (6) (7) . As one of the major sources of intracellular Ca 2+ release, IP 3 Rs have been implicated in regulating many biological processes. Deficiency of distinct subtypes of IP 3 Rs in mice has been shown to cause severe abnormalities and diseases, including ataxia and epileptic seizures (8) , exocrine secretion defects (9) (10) (11) , abnormal taste perception (12) , embryonic developmental defects (13, 14) , and T cell acute lymphoblastic leukemia (15) .
In vascular smooth muscles, IP 3 R-mediated Ca 2+ release has long been proposed to be a critical player in cellular contraction, and the underlying signaling pathways are well established. In brief, upon binding of a vasoconstrictive agonist to the membrane GPCRs (primarily Gq/11-coupled subtypes), phospholipase Cβ (PLCβ) is activated and thus catalyzes phosphatidylinositol 4, 5-bisphosphate into diacylglycerol and 1, 4, 5-inositol trisphosphate (IP 3 ). The latter binds to IP 3 Rs and causes Ca 2+ channels to open, which subsequently leads to Ca 2+ release from the ER and an increase in cytosolic Ca 2+ concentration, thereby resulting in cell contraction (16, 17) . To date, most studies describing IP 3 R regulation of vascular smooth muscle contractility involve the use of IP 3 R blockers (18) (19) (20) .
Inositol 1, 4, 5-trisphosphate receptor-mediated (IP 3 R-mediated) calcium (Ca 2+ ) release has been proposed to play an important role in regulating vascular smooth muscle cell (VSMC) contraction for decades. However, whether and how IP 3 R regulates blood pressure in vivo remains unclear. To address these questions, we have generated a smooth muscle-specific IP 3 R triple-knockout (smTKO) mouse model using a tamoxifen-inducible system. In this study, the role of IP 3 Rmediated Ca 2+ release in adult VSMCs on aortic vascular contractility and blood pressure was assessed following tamoxifen induction. We demonstrated that deletion of IP 3 Rs significantly reduced aortic contractile responses to vasoconstrictors, including phenylephrine, U46619, serotonin, and endothelin 1. Deletion of IP 3 Rs also dramatically reduced the phosphorylation of MLC20 and MYPT1 induced by U46619. Furthermore, although the basal blood pressure of smTKO mice remained similar to that of wild-type controls, the increase in systolic blood pressure upon chronic infusion of angiotensin II was significantly attenuated in smTKO mice. Taken together, our results demonstrate an important role for IP 3 R-mediated Ca 2+ release in VSMCs in regulating vascular contractility and hypertension.
Although all 3 single global IP 3 R knockout mice and all 3 double-combination IP 3 R knockout mice have been previously generated, these mice are not suitable to investigate the role of IP 3 Rs in VSMCs in vivo because most develop severe phenotypes that could potentially affect cardiovascular development and physiology (8-10, 13, 14) . In addition, different IP 3 R subtypes could function redundantly in regulating vascular contractility and blood pressure, since it has been shown that all 3 subtypes are expressed in VSMCs (20) (21) (22) .
To overcome the aforementioned issues, we generated a smooth muscle-specific IP 3 R triple-knockout (smTKO) mouse model using a tamoxifen-inducible system, which allowed us to delete all 3 IP 3 Rs in adult mouse smooth muscle cells. Using this mouse model, we investigated the function of IP 3 Rs in regulating vascular contractility and blood pressure in vivo.
Results
Expression and deletion of IP 3 Rs in VSMCs. Since IP 3 R1 has been proposed to be the predominant subtype in VSMCs (22, 23) , we initially created a smooth muscle-specific IP 3 R1 knockout mouse using Sm22α-Cre (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/jci. insight.89402DS1). We found that deletion of IP 3 R1 in VSMCs (R1-KO) significantly reduced, but was not able to abolish, ATP-induced intracellular Ca 2+ release (Supplemental Figure 1 , B and C): the Ca 2+ signal mass induced by ATP in R1-KO cells was only decreased by 48% compared with control cells (144.1 ± 15.2 ΔF/F0·s in control cells vs. 275.3 ± 10.4 ΔF/F0·s in R1-KO cells). Furthermore, the expression of IP 3 R3 in the aorta was increased when IP 3 R1 was conditionally deleted (Supplemental Figure 1A) . Taken together, these results strongly suggested that the other two IP 3 R subtypes might play a compensatory role in VSMCs when IP 3 R1 was deleted.
Figure 1. Characterization of IP 3 R deletion in mouse vascular smooth muscle cells in vitro and in vivo. (A and B) Vascular smooth muscle cells (VSMCs)
isolated from noninduced smTKO mice were cultured and treated with 1 μM 4-hydroxytamoxifen (4OHT) for 48 and 72 hours to induce IP 3 R gene deletion. VSMCs treated with vehicle were used as the control (Ctrl). Administration of 4OHT significantly decreased the mRNA (A) and protein (B) levels of each IP 3 R subtype compared with the vehicle treatment. n = 3 independent cultures per group. (C and D) mRNA (C) and protein (D) levels of each IP 3 R subtype in aortas were assessed from control and smTKO mice. n = 3 (with vessels from 3 mice pooled as one sample) per group. (E) Representative curves of Ca 2+ release induced by 10 μM ATP in cultured VSMCs treated with vehicle (black) or 4OHT for 72 hours (gray). Cells were incubated with 5 μM fluo-4-AM at 37°C for 30 minutes and imaged with confocal microscopy. Cells were perfused in Ca 2+ -free solution for 1 to 2 minutes to eliminate Ca 2+ entry via membrane ionotropic purinergic receptors prior to the administration of ATP. (F) Averaged Ca 2+ signal mass calculated from the time course of Ca 2+ release induced by ATP in VSMCs. n = 3 independent tests per group, and at least 20 cells per experiment were imaged. Significance was determined by the 2-tailed, unpaired Student's t test. *P < 0.05, **P < 0.01, ***P < 0.001.Data represent mean ± SEM.
To further understand the physiological function of IP 3 R-mediated Ca 2+ release in the regulation of vascular contractility and blood pressure in vivo, we generated a smTKO mouse. Initially, we crossed Sm22α-Cre, as above, with IP 3 R triple flox (IP 3 R1 f/f IP 3 R2 f/f IP 3 R3 f/f ) (f/f) mice. However, deletion of all IP 3 R subtypes by Sm22α-Cre resulted in leukemia and premature lethality (Supplemental Figure 2 ), which was similar to what we observed in IP 3 R1 f/f IP 3 R2 f/f IP 3 R3 f/f /Tie2-Cre + mice (15) . This is consistent with a previous study showing that Sm22α-Cre is also expressed in myeloid cell lineages (24) . We then bred IP 3 R triple flox mice with SMMHC-CreER T2 mice, which express a fusion protein of Cre recombinase with a modified estrogen receptor-binding domain under the control of the smooth muscle-specific smooth muscle myosin heavy chain (SMMHC) promoter (25) . Male IP 3 R1 f/f IP 3 R2 f/f IP 3 R3 f/f /SMMHC-Cre + mice aged 7 to 8 weeks were then intraperitoneally injected with tamoxifen (50 mg/kg, 5 consecutive days) and considered as smTKO mice. We first examined if SMMHC-Cre could efficiently delete IP 3 R genes upon administration of tamoxifen. In cultured VSMCs that were isolated from noninduced smTKO aortas, addition of 4-hydroxytamoxifen (4OHT) into the medium could efficiently abolish the mRNA and protein levels of all 3 IP 3 R subtypes at both 48 hours and 72 hours after treatment ( Figure 1, A and B ). At 1 month after tamoxifen injection, the expression of all 3 IP 3 R subtypes in the aortas isolated from smTKO mice was also significantly reduced compared with control mice (Figure 1 , C and D). Interestingly, deletion of all 3 IP 3 R subtypes resulted in a more dramatic decrease in ATP-induced intracellular Ca 2+ release, compared with single IP 3 R1 deletion. The Ca 2+ signal mass induced by ATP in IP 3 R triple-knockout VSMCs was decreased by 93% compared with control cells (17.9 ± 5.3 ΔF/F0·s in IP 3 R triple-knockout cells vs. 262.5 ± 11.3 ΔF/F0·s in control cells; Figure 1 , E and F). Taken together, these results demonstrated that IP 3 R1 alone does not suffice to mediate ATP-induced intracellular mobilization in VSMCs, whereas IP 3 R1 plus least one other isoform (IP 3 R2 or IP 3 R3 or both) does. We also investigated whether deletion of IP 3 Rs affects intracellular Ca 2+ signals induced by an agonist that does not activate an ionotropic receptor in VSMCs. Consistently, we found that the Ca 2+ signal mass induced by 5-hydroxytryptamine (5-HT), U46619, and endothelin 1 (ET1) was reduced by 94.0%, 90.8%, and 90.4%, respectively, in IP 3 R triple-knockout VSMCs when compared with control cells (Supplemental Figure 3 ). Furthermore, we examined whether deletion of IP 3 Rs affects VSMC Ca 2+ waves in intact vessels. We isolated posterior cerebral arteries from control and smTKO mice and measured spontaneous Ca 2+ waves in smooth muscle cells. We found that the frequency of spontaneous Ca 2+ waves in smTKO VSMCs is lower than in control cells. Moreover, application of ET1 (20 nM) significantly increased the frequency of spontaneous Ca 2+ waves in control VSMCs, which was almost abolished in smTKO cells (Supplemental Figure 4 ).
Deletion of IP 3 Rs attenuates vascular contractile response.
To determine if deletion of IP 3 Rs affects vascular contractility, we investigated the contractile function of arteries derived from control and smTKO mice using wire myography. Thoracic aortic rings were freshly prepared and pretreated with indomethacin and nitro-L-arginine to inhibit cyclooxygenases and endothelial nitric oxide synthase activity, respectively. We found that the potassium chloride-induced (KCl-induced) reference contraction did not significantly differ between control and smTKO mice (10.17 ± 0.23 mN in smTKO mice vs. 11.03 ± 0.30 mN in control mice; Figure 2A ). However, although the vasoconstrictors, phenylephrine (PE), U46619, and 5-HT, were still able to induce contraction of smTKO vessels, their potency and efficacy were significantly decreased compared with control vessels (Figure 2 , B-D). By contrast, ET1-induced vascular contraction was almost abolished in smTKO mice compared with control mice (Figure 2E ). Furthermore, we examined contractile function in a resistance vessel, the mesenteric artery, which is more relevant to the control of blood pressure, as compared with the aortas studied above. Consistently, we found that the contraction of the mesenteric artery induced by PE, U46619, 5-HT, ET1, and angiotensin II (AngII) was significantly decreased in smTKO vessels compared with control vessels (Figure 2 , F-J), while the reference contraction induced by KCl was not different between smTKO and control mice (4.14 ± 0.23 mN in smTKO mice vs. 3.51 ± 0.29 mN in control mice; P = 0.10 by 2-tailed, unpaired Student's t test). In addition, we found that pretreatment with 2-APB, an antagonist of IP 3 R, did not cause further reduction in AngII-induced contraction in smTKO mesenteric arteries (Supplemental Figure 5 ).
We next examined the expression of major vasoconstrictive GPCRs in VSMCs, including adrenergic receptor α1a (Adra1a), α1b (Adra1b), and α1d (Adra1d); thromboxane A2 receptor (Tbxa2r); serotonin receptor 2A (Htr2a); angiotensin receptor type 1a (Agtr1a) and type 2 (Agtr2); and endothelin receptor type A (Ednra). The expression of these receptors was comparable between control and smTKO vessels, except for that of Ednra, which was decreased in smTKO vessels compared with control vessels (Supplemental Figure 6A ). Furthermore, we investigated the expression of major Ca 2+ channels expressed in VSMCs. Expression of other ER Ca 2+ release channels, ryanodine receptor type 2 (Ryr2) and type 3 (Ryr3), voltage-gated L-type Ca 2+ channel (Cav1.2), and stromal interaction molecule 1 (Stim1) and 2 (Stim2), did not significantly differ between control and smTKO vessels. Expression of PLCβ1 (Plcb1) was also not significantly changed in smTKO aortas compared with control aortas (Supplemental Figure 6B) . IP 3 R deletion leads to repression of MLC20 and MYPT1 phosphorylation. The reduced sensitivity of vessels to contractile agonists in smTKO mice, in the absence of a reduction in GPCR expression, suggested altered expression or activity of contractile regulatory proteins. In VSMCs, phosphorylation of myosin light chain 20 (MLC20) is the primary regulatory event for the initiation of force production (26) . MLC20 phosphorylation level is regulated by MLC kinase (MLCK) and phosphatase (MLCP), the latter consisting of a myosin-binding regulatory subunit (MYPT1), a catalytic subunit, and a 20-kDa subunit. Phosphorylation of MYPT1 decreases MLCP activity and therefore enhances MLC20 phosphorylation (27) . Western blot analysis showed that expression of MLC20, MLCK, and MYPT1 in smTKO aortas is comparable to that of control aortas. Expression of Sm22α and α smooth muscle actin (SMA) was also not changed in smTKO aortas compared with control aortas (Supplemental Figure 7) .
We then investigated if deletion of IP 3 Rs affects the phosphorylation of MLC20 and MYPT1. Thoracic aortas were isolated from control and smTKO mice and incubated with PSS (vehicle) and U46619, respectively. In the vessels treated with vehicle, the phosphorylation levels of MLC20 at Ser19 and MYPT1 at Thr853 were relatively low, with no significant difference observed between control and smTKO mice ( Figure 3 ). Administration of U46619, however, dramatically increased MLC20 and MYPT1 phosphorylation in both control and smTKO vessels (Figure 3) , consistent with the increase in vessel contractility observed following administration of U46619 in vitro. Interestingly, deletion of IP 3 Rs in VSMCs significantly attenuated the U46619-induced increase in phosphorylation of both MLC20 (increased by 1.88-± 0.12-fold in control vs. 0.87-± 0.20-fold in smTKO) and MYPT1 (increased by 0.97-± 0.14-fold in control vs. 0.35 ± 0.08 fold in smTKO) ( Figure 3 ).
Deletion of IP 3 Rs does not affect basal blood pressure but diminishes AngII-induced hypertension. The impaired response to vasoconstrictive agonists observed in isolated vessels suggested that smTKO mice might exhibit evidence of diminished peripheral vascular resistance in vivo. To explore this possibility, in conscious and unrestrained mice, we used a telemetry system to analyze the hemodynamics of smTKO and control mice. The averaged results from data collected continuously over 24 hours showed that all the mice displayed characteristic diurnal variations in blood pressure and heart rate ( Figure 4A ). Furthermore, we did not observe any significant difference in mean blood pressure, mean systolic blood pressure, mean diastolic blood pressure, and mean heart rate between smTKO and control mice ( Figure 4B) , which together suggested that vascular smooth muscle IP 3 Rs have no major contribution in maintaining basal blood pressure.
We further investigated if IP 3 Rs regulate hypertensive blood pressure. Hypertension was induced by chronic AngII infusion, and blood pressure was measured using the tail cuff system. First, we confirmed that basal systolic blood pressure in smTKO mice was not significantly different from that in control mice (121.3 ± 1.6 mmHg in smTKO mice vs. 118.1 ± 2.4 mmHg in control mice; Figure 5A ), consistent with the data from the telemetry analysis. By contrast, deletion of IP 3 Rs reduced AngII-induced hypertension. Systolic blood pressure was measured before AngII infusion and every 7 days after AngII infusion. Systolic blood pressures of control mice gradually increased and reached peak levels within 2 weeks after AngII infusion ( Figure 5B ). Deletion of IP 3 Rs in VSMCs significantly diminished the elevation of systolic blood pressure at all time points (1 week, 137.3 ± 3.0 mmHg in control vs. 126.6 ± 1.9 mmHg in smTKO; 2 weeks, 147.2 ± 4.1 mmHg in control vs. 134.4 ± 2.1 mmHg in smTKO; 3 weeks, 139.0 ± 4.4 mmHg in control vs. 126.3 ± 2.5 mmHg in smTKO; Figure 5B ).
Finally, we analyzed the structure of the thoracic aorta by histology to determine if IP 3 R deletion influenced vascular remodeling induced by AngII. The medial thickness of the thoracic aorta was measured before and after AngII infusion. No significant changes in medial thickness of the thoracic aorta were observed in smTKO and control mice before and after AngII infusion (33.5 ± 1.7 μm in control mice vs. 34.5 ± 1.8 μm in smTKO mice before AngII infusion; 53.4 ± 3.9 μm in control mice vs. 55.4 ± 3.5 μm in smTKO mice 4 weeks after AngII infusion; Figure 5 , C and D), suggesting that deletion of IP 3 Rs has no apparent effect on AngII-induced vascular remodeling.
Discussion
Signaling systems that are downstream of cytoplasmic free Ca 2+ concentration modulation are involved in the regulation of numerous processes, including muscle contraction, synaptic transmission, membrane excitation, secretion, learning and memory, gene expression, cell differentiation, and apoptosis. A ubiquitous mechanism for Ca 2+ signaling is release from intracellular compartments. GPCRs activating PLCβ, and tyrosine kinase receptors activating PLCγ, cleave phosphatidylinositol 4, 5-bisphosphate into IP 3 and diacylglycerol. IP 3 binding to IP 3 Rs, intracellular ligand-gated Ca 2+ release channels localized primarily in the ER membrane, allows diffusion of Ca 2+ from the ER to increase intracellular [Ca 2+ ] i . It has been established that 3 different genes encode for a family of IP 3 Rs in mammalian cells, including humans and other vertebrates (28) . In mammals, IP 3 Rs are ubiquitously expressed, perhaps in all cell types, and the 3 subtypes have distinct and overlapping patterns of expression, with most cells outside the central nervous system expressing more than one type. In cultured VSMCs, our results demonstrated that all 3 IP 3 R channels were present at mRNA and protein levels. In addition, all 3 IP 3 Rs were observed in intact aortas. More importantly, the mRNA and protein levels of all 3 IP 3 Rs were dramatically reduced after tamoxifen-induced gene deletion in adult smooth muscle cells, demonstrating that all 3 IP 3 R channels are substantially expressed in VSMCs, which is consistent with several prior studies (20) (21) (22) . The overlapping expression of IP 3 Rs in VSMCs may suggest functional redundancy between subtypes. Indeed, evidence from both in vitro and in vivo studies has suggested that there is functional redundancy among the IP 3 R subtypes. For example, deletion of IP 3 R2/IP 3 R3 together was required to generate a pancreatic acinar cell secretion phenotype (9) , genetic IP 3 R1 single deletion or any combination of IP 3 R double deletion was without effect on T cell development (15, 29) , deletion of all 3 IP 3 Rs resulted in T cell developmental defects and T cell leukemia (15) , and genetic deletion of IP 3 R1/IP 3 R2 or IP 3 R1/IP 3 R3 was required to cause an early embryonic lethality (13, 14) . In this study, we investigated if IP 3 Rs exhibit functional redundancy in modulating intracellular Ca 2+ signals in VSMCs. We found that single deletion of IP 3 R1 in cultured VSMCs only reduced ATP-induced Ca 2+ signals by approximately 50%, whereas triple deletion of all IP 3 Rs decreased ATP-induced Ca 2+ signals by more than 90%, suggesting that IP 3 R2 and IP 3 R3 are functional in regulating Ca 2+ release from the ER in response to GPCR activation, which is also partially consistent with a previous study using IP 3 R1 knockout and IP 3 R2/IP 3 R3 double-knockout cells (22) .
VSMCs are a type of specialized smooth muscle cells, which reside within the medial layer of blood vessels. The primary function of VSMCs is to control blood vessel diameter in response to intraluminal pressure and various physiologic stimuli emanating from the central nervous system, kidneys, and local tissues. Elevation of intracellular Ca 2+ is a key step required for increasing the contractile activity of VSMCs. Elevated Ca 2+ results in increased levels of Ca 2+ -calmodulin (Ca 2+ /CaM), which has a high affinity for the inactive MLCK (26) . The binding of Ca 2+ /CaM to MLCK leads to phosphorylation of MLC20 at Ser19, enabling molecular crossbridge formation between myosin and actin filaments. The essential role of Ca 2+ entry via VOCCs has been well established, since VOCC blockers have been widely used to reduce high blood pressure in hypertensive patients (1, 2) . However, the role of IP 3 Rs in regulating vascular contractility and blood pressure is not well understood because (a) genetic deletion of IP 3 R1 or double deletion of any two IP 3 R subtypes causes developmental defects and invariably leads to premature lethality (8, 9, 13, 14) and (b) there has been a lack of a smooth muscle-specific IP 3 R knockout mouse model. Here, we generated a mouse model in which all 3 IP 3 R subtypes were specifically deleted in adult mouse smooth muscle cells in a tamoxifen-inducible manner, which allowed us to overcome the premature lethality and the secondary vascular defects resulting from global IP 3 R gene deletion. Furthermore, since all 3 IP 3 R subtypes could be simultaneously deleted, our mouse model provides a powerful tool for investigating the physiological and pathological roles of smooth muscle IP 3 R-mediated Ca 2+ signaling in vivo, with no necessity of considering the functional redundancy between IP 3 R subtypes.
In VSMCs, vasoconstrictor pathways may be coupled directly to intracellular activation of Gq/11-and G12/13-mediated intracellular signaling, in which IP 3 R-mediated Ca 2+ release is downstream of Gq/11 activation. In parallel, activation of Gq/11 and G12/13 could also induce vasoconstrictive responses via PKC and Rho/Rho kinase. It has been shown that Gq/11-mediated signaling pathways are required for maintenance of basal blood pressure and for the development of salt-induced hypertension. Deletion of Gq/11 in adult mouse VSMCs results in abolished vasoconstrictive responses, lower basal blood pressure, and reduced salt-induced hypertension (25) . Importantly, we found that force generation of IP 3 R-deficient aortas was reduced in response to multiple vasoconstrictors, such as PE, U46619, 5-HT, and ET1, suggesting that IP 3 R-mediated Ca 2+ release plays an important role in regulating vascular contraction following activation of GPCR, which is consistent with previous studies using the IP 3 R blockers heparin, 2-APB, or Xestospongin (30) (31) (32) (33) . Our results also suggested that both IP 3 R-dependent and IP 3 R-independent pathways could contribute to Gq/11-mediated regulation of vascular contraction, since deletion of Gq/11 has much more efficacy in reducing vasoconstrictive responses than deletion of IP 3 Rs. Furthermore, we also showed that diminished force production is consistent with decreased levels of MLC20 phosphorylation at Ser19 and MYPT1 phosphorylation at Thr853, whereas deletion of IP 3 Rs does not affect the basal expression of MLC20 and MYPT1. However, we did not identify altered expression of major Ca 2+ regulatory proteins, such as Ryr2, Ryr3, Cav1.2, Stim1, and Stim2, in IP 3 R-deficient aortas. The expression of major vasoconstrictor receptors, excluding that of Ednra, was also comparable between control and IP 3 R-deficient vessels. Together, these results suggest that inducible deletion of IP 3 Rs in adult VSMCs diminishes vasoconstrictive responses, while major components of Ca 2+ signaling networks are maintained.
Tamoxifen-induced deletion of IP 3 Rs in adult mouse VSMCs did not affect basal blood pressure measured by the telemetry system as well as the tail-cuff method. In addition, application of 2-APB to block residual IP 3 Rs in smTKO vessels did not cause a further decrease in AngII-induced contraction. Together, these data indicated that IP 3 R-mediated Ca 2+ release might not be required for the maintenance of physiological blood pressure. The absence of any modification of basal blood pressure in IP 3 R-deficient mice correlates well with the nonalteration of their vascular histology. By contrast, inducible deletion of Gq/11 in adult mouse VSMCs resulted in a sustained decrease of basal blood pressure (25) . This difference between the two mouse models suggests that IP 3 R-independent mechanisms, following Gq/11 activation, but not IP 3 R-dependent mechanisms, play a major role in controlling basal blood pressure. We also hypothesize that the difference might directly come from the varied vasoconstrictive responses to adrenergic stimulation in these two mouse models. Loss of IP 3 Rs in VSMCs only partially reduced, but deletion of Gq/11 in VSMCs totally abrogated, PE-induced vascular contraction. Similarly, a significant decrease in PE-induced vasoconstrictive response was found in both Wnk1 heterozygous mice and α1b-adrenergic receptor knockout mice, but both mice developed normal basal blood pressure (34) (35) (36) . Interestingly, we found that IP 3 R-mediated Ca 2+ signaling plays an important role in AngII-induced hypertension. Loss of IP 3 Rs in VSMCs significantly attenuated the elevation of blood pressure in a hypertensive state induced by chronic AngII infusion. It has been proposed that increased RhoA and Rock activities play a causative role in the pathogenesis of AngII-induced hypertension (27) . We showed that loss of IP 3 Rs in VSMCs caused blunted MYPT1 phosphorylation in response to acute vasoconstrictive stimulation. However, it remains to be determined if deficiency of IP 3 Rs could lead to a sustained repression of MYPT1 activation upon chronic AngII stimulation. Furthermore, arterial wall thickness in IP 3 R-deficient mice was comparable to that of control mice, suggesting that neither elevated blood pressure nor IP 3 R-mediated Ca 2+ signaling is required for AngII-induced vascular remodeling.
In summary, we provided a mouse model with the deletion of all 3 IP 3 R subtypes in adult smooth muscle cells and demonstrated that IP 3 R-mediated Ca 2+ release plays an important role in regulating vascular contractility and AngII-induced hypertension.
Methods
Mice. The generation of floxed alleles of the genes encoding IP 3 R1, IP 3 R2, and IP 3 R3 has been described previously (15, 37) . We used two different tissue-specific Cre recombinases to delete IP 3 Rs in VSMCs. First, we crossed IP 3 R1 flox (IP 3 R1 f/f ) mice or IP 3 R triple flox (IP 3 R1 f/f IP 3 R2 f/f IP 3 R3 f/f ) mice with Tg(Ta-gln-cre)1Her/J (Sm22α-Cre) mice (The Jackson Laboratory), respectively. IP 3 R triple flox mice had been backcrossed with C57BL/6 mice for more than 7 generations. Sm22α-Cre is constitutively expressed and has been frequently used as a smooth muscle-specific Cre (38) . Second, mice with inducible deletion of all 3 IP 3 R genes were generated by crossing IP 3 R triple flox mice with B6.FVB-Tg(Myh11-Cre/ERT2)1Soff/J (SMMHC-CreER T2 ) mice (The Jackson Laboratory). Since the SMMHC-Cre gene is located on the Y chromosome in this mouse line, only male offspring carried the SMMHC-Cre gene (25) . Thus, in our study, we characterized only male mice. Male IP 3 R1 f/f IP 3 R2 f/f IP 3 R3 f/f /SMMHC-Cre + mice aged 7 to 8 weeks were intraperitoneally injected with tamoxifen (50 mg/kg/d) for 5 consecutive days to delete IP 3 R genes and were considered as considered as smTKO mice. Male IP 3 R1 f/f IP 3 R2 f/f IP 3 R3 f/f /SMMHC-Cremice treated with tamoxifen and male noninduced smTKO mice were used as control mice. All mice were housed under a 12-hour-day/night cycle at a temperature of 25°C.
Cell culture and calcium imaging. Thoracic aortas were isolated from young male noninduced smT-KO mice and cut into small pieces. The tissue explants were then spread over gelatin-coated (1%) dishes and cultured in DMEM supplemented with 20% FBS at 37°C. After passage 1, VSMCs were cultured in DMEM supplemented with 10% FBS and used between passages 3 and 6. Deletion of IP 3 R genes was induced by adding 4OHT (1 μM, Sigma-Aldrich) into the medium. Both the efficiency of gene deletion and calcium imaging were performed 72 hours after induction.
For Ca 2+ imaging in cultured VSMCs, cells were washed twice with physiological saline solution ([PSS] in mM: NaCl 137, KCl 5.4, MgSO 4 1.0, glucose 10, CaCl 2 1.8, and HEPES 10, pH 7.4), followed by incubation with fluo-4-AM (5 μM, 30 minutes, 37°C; F14201, Invitrogen). Cells were imaged with a Zeiss LSM510 inverted confocal microscope. In order to avoid the potential Ca 2+ entry via membrane ionotropic purinergic receptors, cells were perfused with a Ca 2+ -free PSS (0 [Ca 2+ ] plus 1.0 mM EGTA) for a short time (1-2 minutes) before the administration of ATP (10 μM, Sigma-Aldrich). On the other hand, the cells were incubated in regular PSS when 5-HT (10 μM; Sigma-Aldrich), U46619 (0.1 μM; Sigma-Aldrich), and ET1 (1.0 μM; Sigma-Aldrich) were applied to induce intracellular Ca 2+ mobilization. At least 20 cells per dish were imaged. Image processing and data analysis were performed as previously described (39) .
For Ca 2+ imaging in intact vessels, segments of posterior cerebral artery were isolated from control and smTKO mice and cannulated, as previously described (40) , and incubated in the dark with fluo-4-AM (10 μM) and 0.05% Pluronic F-127 (Invitrogen) for 1 hour, followed by a 20-minute wash. Intracellular Ca 2+ signals in cerebral artery smooth muscle cells were imaged using a Zeiss 5-live confocal system. The fluorescence was excited with 488-nm light, and emitted light >510 nm was collected. Images (512 × 254 pixels) were acquired at a rate of 30 per second. At least two different representative areas were scanned for 40 seconds in each arterial segment. Only those propagating Ca 2+ events with F/F0 > 1.2 were counted as Ca 2+ waves. Ca 2+ wave frequency was analyzed offline using ImageJ 1.49 (NIH).
Quantitative reverse transcription-PCR. Total RNA was extracted from thoracic aortas or cultured VSMCs using Trizol reagent (Invitrogen), and cDNA was synthesized using the TransScript One-Step cDNA Synthesis SuperMix Kit (Transgen Biotech). Quantitative real-time PCR was performed using TransStart Tip Green qPCR SuperMix (Transgen Biotech) according to the manufacturer's instructions. Sequences of primers used for PCR can be found in Supplemental Table 1 . Values are expressed as the 2 -ΔCt value relative to Gapdh in each sample. All quantitative real-time PCR experiments were performed in triplicate on each sample.
Western blotting. Protein lysates were prepared from smooth muscle layers of thoracic aortas or cultured VSMCs using a protein lysis buffer containing 8 M urea, 2 M thiourea, 3% SDS, 75 mM DTT, 0.05 M Tris-HCl (pH 6.8), and 0.03% bromophenol blue. After performing ultrasonication 3 times (for 3 seconds each time), lysates were centrifuged for 5 minutes at 15,294 rpm at 4°C. The supernatants were then heated at 95°C for 5 minutes. To examine IP 3 R protein expression, proteins were separated by 6% SDS-PAGE gel and transferred to a 0.45-μm PVDF membrane (Millipore). The primary antibodies against mouse IP 3 R1 and IP 3 R2 were raised in our lab as previously described (15) . The antibodies against mouse IP 3 R3 (BD Bioscience, catalog 610312), MLCK (Abcam, catalog ab76092), SMA (Invitrogen, catalog 180106), SM22α (Abcam, catalog ab14106), and β-actin (Santa Cruz Biotechnology, catalog sc-47778) were commercially purchased.
To examine the phosphorylation levels of the contractile proteins, thoracic aortas were teased from connective tissues and incubated with indomethacin (10 μM, Sigma-Aldrich) and nitro-L-arginine (100 μM, Sigma-Aldrich) to inhibit endothelial function at 37°C for 30 minutes. The vehicle (PSS) and U46619 (0.1 μM) were then added, and the tissues were incubated for another 20 minutes. After that, the tissues were snap frozen in liquid nitrogen, and homogenized using the lysis buffer as described above. The pri-Foundation of China (31370823, 91439130), and the National Institutes of Health (JC). JC is the American Heart Association Endowed Chair in Cardiovascular Research. GZ is also supported by a National Scientist Development Grant (10SDG4030042) from the American Heart Association. RJ was also supported by the Hunan Province's Science and Technology Project (2015SK2026).
